Artificially layered materials are ideal model systems to tune the dimensionality of the superconducting order as well as the structure of the flux line lattice. Our extensive studies of Pb/Ge multilayers indicate that the anisotropy of the upper critical field H,, strongly depends on the Ge separator thickness d,, . The dimensional crossover from D = 3 towards D = 2, which is revealed by an upturn in the temperature dependence of the parallel critical field H;l2, is also confirmed by the observed excess fluctuation conductivity above T,. In samples for which D = 2 at all temperatures (dGe > 50A), the structure of the flux line lattice for a perpendicular field H , can be probed by measuring the critical current density J, . The variation of J,(H,) exhibits an anomalous minimum, whose amplitude and position depend on dGe, the number of bilayers, temperature, and pinning strength. An interpretation in terms of either fluxlattice decoupling or melting is presented.
Introduction
The nature of dimensional transitions and the behavior of the flux structure in artificially layered superconductors has been of major interest in recent years, especially in its relation to the properties of high-temperature superconducting oxides [l, 21. Layered superconductors can be used as model systems to study a variety of physical phenomena including a diversity of dimensional transitions, the interaction between superconductivity and magnetism or electron localization, the enhancement of critical fields and currents [3, 4] .
The dimensional transition in superconducting multilayers is closely related to the proximity or electron tunnelling coupling between thin superconducting layers across normal or insulating layers. A strong coupling between the superconducting layers occurs when the perpendicular coherence length tl( T ) is comparable to the multilayer period A (A = ds + dN, with ds and dN the thickness of the superconducting, resp. normal layer). The divergence of tL produces a change from two-dimensional (2D) behavior at low temperatures to three-dimensional (3D) behavior close to the critical temperature T, . This dimensional crossover has been observed in a large number of multilayered systems [5-91. The observation of dimensional transitions in other physical properties has been restricted to changes in the zero field fluctuation conductivity of, as a function of temperature and of fluctuation diamagnetism above T, [ 10, 111. More recently, the decoupling role of the magnetic field in the 3D to 2D transition in the excess conductivity of layered superconductors was clearly demonstrated [12] .
Finally, it has been shown that the magnetic fieldtemperature (H-T) phase diagram of a number of superconductors shows, close to the upper critical field H,,(T), a novel phase boundary above which the magnetization of a superconductor is reversible and below which irreversibility sets in [13-201. Many of the models developed to explain the origin of this phase boundary rely on the layered nature of the superconductor, and deal with a competition between pinning of the vortex lattice in the individual layers or in the multilayered stack. The lower critical field region H 1: HC1 has been much less investigated up to now. Recent theoretical work [17, 213 has predicted an additional re-entrant vortex fluid phase above Hcl. This low field region of the H-T diagram has been explored in Pb/Ge multilayers by measuring the critical current density as a function of applied field [22] . Within this context the study of the critical current density J , in artificially layered superconductors offers a major advantage over high T, superconductors since it is possible to vary almost at will the superconducting layer thicknesses and properties as well as the interlayer coupling.
In this review article we investigate H,,(T), of,(T) and J,( T , H) of high quality superconducting (Pb) -semiconducting (Ge) multilayers consisting of a varying number of Pb/Ge bilayers. After briefly discussing the preparation and characterization techniques, we first analyze the dimensional transitions observed in the parallel critical field HA$(T) and Physica Scripta T42 an( T). This is followed by a report on the unexpected behavior of J, as a function of the perpendicular magnetic field.
The systematic evolution of this behavior as a function of layer thicknesses, temperature, and pinning strength is related to either flux-lattice decoupling or melting.
Experimental

Preparation
The Pb/Ge samples were prepared in an UHV chamber equipped with two electron beam guns [23] . The base pressure of the system is 2 x lo-' Torr, and the pressure did not exceed lO-*Torr during the evaporation. The evaporation rates of the two materials are controlled by a quadrupole mass spectrometer and are respectively 5A/s for Pb and 1 b;/s for Ge. In order to ensure a uniform layer growth for the Pb, the samples were evaporated onto liquid nitrogen cooled substrates (oxidized silicon wafers or sapphire). This low substrate temperature leads to an amorphous structure of the Ge films. The layer thicknesses, as monitored with quartz crystals during evaporation, were calibrated using a Dektak profilometer and determined independently by means of the X-ray diffraction spectrum.
Pb is a particularly interesting material to use in the study of the superconducting properties of multilayers. Its low melting point allows an accurate control of the deposition process, while its superconducting properties are rather insensitive to impurities. From the thermodynamic phase diagram it can be concluded that Pb and Ge are immiscible [24] , favoring the growth of a highly segregated layered material. The multilayer stack is produced by moving a shutter which alternately interrupts one of the two material beams. Most samples consist of 10 bilayers with a thicker Ge protective capping layer on top. The low-temperature measurements were performed in a standard 4He cryostat equipped with a 7 T superconducting coil. The temperature could be varied between 1.5 and 10K with a stability of a few mK. The critical temperature T, and the upper critical field H,, are determined as the midpoint values of the measured R(T) and R(H) transitions. All samples were evaporated onto photolithographically defined lift-off structures containing four lead patterns of 4.5 x 0.3"' .
For the structural characterization of the multilayers, extensive X-ray diffraction measurements were performed.
X-ray difraction
The structure of the samples was investigated by 8-20 X-ray diffraction experiments on a Rigaku DII Max goniometer equipped with a rotating anode and capable of delivering a maximum power output of 12 kW. A laser system is used to secure an optimal alignment of the sample with respect to the X-ray beam. Data were taken using Cu K, radiation with a wavelength 1 = 1.542 8. The diffracted radiation was filtered with a flat pyrolytic monochromator. Because in X-ray diffraction the phase information is lost, real space models have to be developed and their calculated intensities compared with experiment. These structural models have evolved over the last few years from the simple step model to more sophisticated schemes involving various parameters to describe deviations from the ideal superlattice structure. Recently a refinement procedure for fitting the X-ray spectra Physica Scripta T42 The perpendicular coherence length t1 is a measure of the coupling strength. If the thickness of the separator layer is suitably chosen, the sample can change from uncoupled to coupled behavior as t, increases with increasing temperature. When tl( T ) becomes comparable to the separator thickness d,, , superconducting coupling between the layers is established. This phenomenon, denoted as the "2D-3D dimensional crossover", has been observed earlier in a variety of multilayered systems and can be readily investigated through the temperature dependence of the parallel critical field
2D-3D transitions
We will illustrate the dimensional crossover in a set of Pb/Ge samples having different Ge thicknesses [8, 
2D-2D transitions
The ability to fine tune the coupling can further be demonstrated by means of the so-called "2D-2D" crossover [SI.
For these experiments several sets of samples were produced containing only two Pb layers, in a Ge/Pb/Ge/Pb/Ge sequence. Within each set the Pb thickness was kept constant (resp. 70A, 80A and 140A) while the thickness of the separating Ge layer was varied between 5 A and 40A. The top Ge layer was always 500A. The Pb layers were evaporated simultaneously for all samples in one set, in order to rule out spurious changes in structure, composition, film thickness, etc., which may influence T,. The different Ge thicknesses are obtained by moving a shutter across the substrate during evaporation. Since tI1 > dPb, the individual films are 2D at all temperatures. But since til is also larger than the sum of the two Pb/Ge bilayer thicknesses (t,, > 2 4 we expect a 2D behavior for the coupled multilayer as well (provided t1 > dGc).
As shown in Fig. 3, HAL oc (T, -T These R(H 11) measurements stress the importance of the parallel magnetic field in the decoupling process. Two theoretical models provide the background for these coupling/decoupling experiments. In the Klemm, Luther, and Beasley model [29] the interlayer coupling is dominated by the Josephson effect. The coupling strength is described by the coupling parameter r = (J2z)/ke T,, h) where J is the Josephson coupling energy and z the electron lifetime due to disorder. When this coupling parameter r is equal to zero, the layers are decoupled. For r > 0 the system can be coupled or may show a crossover. The critical field data for the Nb(65A)/Ge(35A) system, in which a dimensional crossover was observed [SI, were fitted to this theory, leading to a coupling parameter r = 0.1.
Tachiki and Takahashi on the other hand have calculated the critical fields of proximity coupled systems [30] . The three important parameters in their model are the ratio of the density of states, of the electronic diffusion coefficients, and of the BCS interaction constants. These quantities are assumed to be constant within one layer and to change discontinuously at the interface. The dimensional crossover turns up as a consequence of the difference in the density of states, while taking in each layer equal values for the other two parameters. Their model has proved to be successful to fit data of Nb/Cu [6] , a proximity coupled system in which a crossover occurs. For superconductor/insulator ("INS = 0) multilayers, the theory predicts the 2D square root dependence of HLl,(T) as is observed in Pb/Ge multilayers with d,, > 30A. However in multilayers with d,, < 30A the temperature at which the dimensional crossover occurs, corresponds to a value z 0.05. This finite value for the density of states in Ge may be due to the creation of defect states within the bandgap near the Ge/Pb interface. in systems with reduced dimensionality. We have performed detailed measurements of the excess conductivity above the critical temperature in Pb/Ge multilayers [12] . The amplitude and temperature dependence of these fluctuations yield information on the dimensionality of the system. In the Ginzburg-Landau approximation the excess conductivity ofl for bulk materials is calculated by Aslamazov and Larkin [31, 32] as
For a two-dimensional film with thickness d we find e'
. ; p = -& -I . 16hd Figure 5 shows the resistive transition of a Pb(220 A)/Ge(5O A) multilayer in zero field and the normal state resistance us. temperature measured in a perpendicular field of 1 T (which is higher than the perpendicular critical field in the measured temperature range). The resistance has been normalized to its value at 8K. The presence of an excess fluctuation conductivity in zero field below 8 K is clear from this graph. Plotting In ofl us. In E yields a slope equal to -1 (Fig. 6) , indicating that the sample is 2D. This is corroborated by our measurements of the parallel critical field, which show the typical square-root temperature dependence. It was found that the Maki-Thompson correction term can be neglected because of the strong pairbreaking in Pb [33, 34] .
The situation is different for a Pb(220 A)/Ge(25 A) multilayer. This sample has a dimensional crossover in the parallel critical field, as shown in Fig. 7 . The resistive transition from the superconducting to the normal state in the presence of a parallel magnetic field will therefore have a 2D or 3D character depending on its location in the H-T diagram.
If the transition point is in the 3D linear region (above T*), we expect 3D superconducting fluctuations to occur. However in the 2D parabolic part of the phase boundary, we expect 2D fluctuations. A parallel magnetic field allows us to move along the phase boundary. We therefore compare in Fig. 8 the resistive transition in an applied magnetic field HII = 0.07T and HII = 0.8 T with the normal-state resistance, measured in a 1 T perpendicular field. For the lower field HII = 0.07 T the sample is in the 3D part of the H-T phase diagram, while for H I I = 0.8T the transition point shifts to the 2D part. In the latter case we see that the resistive transition is more rounded, already indicating the appearance of 2D fluctuations. This can be seen more quantitatively in Fig. 9 where In ofl us. In E is 
Flux lattice transition
Apart from the above mentioned experiments which study the superconducting coupling in these multilayers the flux line lattice coupling was investigated as well. To pursue this goal the critical current in Pb/Ge multilayers as a function of applied field was measured. Tachiki and Takahashi theoretically considered the pinning in a layered structure as a function of the angle between the applied field and the layers [35] . They showed that the pinning reaches a maximum when the field is applied parallel to the layers, while the pinning is at its lowest value for the perpendicular orientation. This was confirmed experimentally by measuring the angular dependence of the critical current in YBa,Cu,O, crystals [36] . Figure 10 shows the critical current as a function of the angle of a Pb/Ge multilayer consisting of 10 bilayers with 220A Pb and 50A Ge at 4.2 K in a fixed field of 0.1 Tesla. From the measured I-V curves, J , was determined using a 4.4pV/cm criterion and the total Pb cross sectional area of the multilayer. A qualitative agreement with the theoretical y--=;*; ; ~ ~ ~ ~ ~ I prediction is found, i.e. the pinning strength and hence the critical current reach a maximum when the field is parallel to the layers, caused by the enhanced pinning at the Ge layers. Furthermore, the critical current reaches its lowest value when the field is perpendicular to the layers. There is however an unexpected feature in the angular dependence of J , . Near 8 = lo" there is a well pronounced minimum, followed by a broader maximum before J , finally decreases monotonically to zero at H,, .
In order to investigate the origin of this extra minimum, the sample was measured in various applied fields. Figure 11 shows that the position of the minimum shifts to smaller angles as the field is increased and the minimum always occurs for the same perpendicular component of the field, i.e. HL = H sin Omin remains constant. Therefore attention was focused on the perpendicular field component and all further experiments were performed in a field exactly perpendicular to the layers. Figure 12 shows the resistively measured J , at T = 4.2K for a single Pb film [i.e. a Ge(60A)/Pb(l40A)/Ge(500A) sandwich] and for two multilayers with 140 A Pb and 60 A Ge and with 5 and 10 bilayers respectively. The J , data show that the minimum is more pronounced as the number of bilayers is increased and that the field HT where the minimum occurs shifts with the number of bilayers.
The effect is also dependent on the thickness of the Ge layer as shown in Fig. 13 . The critical current densities at The shift of the minimum when the temperature is varied, excludes matching effects as the origin for this minimum The fact that both a lowering of the temperature and the increase of the pinning strength lead to disappearance of the minimum implies that thermal fluctuations play a crucial role. The minimum in J,(H,) may therefore be interpreted as a thermally driven softening of the flux line lattice. The vortex lattice undergoes a structural transition at HT . Two different theoretical approaches have been advanced that could explain this softening. The first is the magnetic decoupling mechanism proposed by Clem [37-391, which is closely related to the behavior of the flux line lattice in a superconducting transformer. The basic idea is sketched in Fig. 17 [40] . At low fields there is a rigid vortex lattice. As the field is increased, the vortices are sitting closer one to another, leading to a nearly homogeneous field distribution in the non-superconducting Ge layers. This effectively leads to a decoupling of the vortex lattice from layer to layer, leaving a system of stacked 2D pancake vortex lattices in each Pb layer. The vortices can rearrange themselves within each layer to take advantage of the available pinning centers, thus increasing the critical current. This is indicated on the graph by the vortices which are "trapped" in pinning potential wells U,.
The other plausible explanation is a melting of the initially 3D vortex lattice. This melting is due to an exponential decay of the vortex-vortex interaction at low fields such that the flux line lattice is very sensitive to thermal fluctuations. When pinning can be neglected, this causes the presence of a field regime above Htl where J , should be zero, while J , increases again at higher fields. For sufficiently strong pinning this melting transition is suppressed. It can be expected that for intermediate pinning strengths J, should develop a minimum instead of dropping completely to zero. The field Hf is plotted in the H,-T diagram in Fig.  18 . Within the melting model, a qualitatively similar behavior for the low-field phase boundary has been predicted for weak pinning [21] . Further experiments are being performed to elucidate the exact mechanism responsible for the observed J,(H,) behavior.
Conclusions
Artificially layered superconductors are ideal systems for studying thin film-, dimensional-, proximity-, coupling-and superlattice effects. These parameters can be well controlled, enabling a finetuning of the material properties and the creation of novel structures which do not occur naturally. As a consequence they are also useful as model systems to evaluate theoretical models related to the physics of dimensionality and phase transitions.
In this review we explored dimensional transitions using critical magnetic field and excess conductivity data as well as the analysis of transitions in the magnetic fieldtemperature phase diagram using critical current data.
In conclusion, the advent of high temperature superconductivity in ceramic oxides opened new perspectives for artificially layered superconductors to be used as testing systems to distinguish properties which are a consequence of the layered nature and others which are due to more exotic and yet unknown phenomena.
